INTRODUCTION
Ciliates and heterotrophic dinoflagellates are major microplankton (20 to 200 pm size range) components; species in nanoplankton size (2 to 20 pm) may also contribute significantly to protozooplankton biomass and activity (Smetacek 1981 , Sherr EB et al. 1986 , Dolan 1991 , Burkill et al. 1993 , Verity et al. 1993 . As constituents of the microbial food web, they have received much attention in plankton research during the past decades. Protozooplankton ingest particles too small to be efficiently utilized by copepods (Berggreen et al. 1988 ) and they are preyed upon by copepods (Stoecker & Capuzzo 1990 ). This makes them key organisms in the carbon pathways (Azam et al. 1983) . Several studies have documented the significance of ciliates and heterotrophic dinoflagellates in temperate waters (Lessard et al. 1988 , Riemann et al. 1990 , Hansen 1991 , Leakey et al. 1992 ). Only few data are available on their role in arctic waters. Andersen (1988) reported from the North BeringKhukchi seas that 64 % of the primary production was processed by the microbial food web at stations dominated by pico-and nanophytoplankton. At stations dominated entirely by diatoms, only 5 % of the primary production was consumed by microbial grazers. However, heterotrophic dinoflagellates >20 pm which may have been important at the diatom-dominated stations were not examined. In another study from Disko Bay, conducted in connection with the spring bloom , it was concluded that the grazing impact by the protozooplankton was 3 times higher than that of the copepods. Finally, Hansen et al. (1996) concluded that the community grazing by copepods was less important for the pelagic carbon flow than the microbial grazers in the Barents Sea.
Much literature on planktonic c~a t e s is restricted to biomass studies, relying on indirect estimates of in situ growth, such as extrapolation from laboratory-derived growth rates to calculate production (e.g. Burlull 1982 , Leakey et al. 1992 . Few measurements of 'natural' ciliate growth have been undertaken in marine waters, the majority of these focusing on tintinnids (Stoecker et al. 1983 , Verity 1986 , Gilron & Lynn 1989 ) though measurements of oligotrichs have appeared recently (Leakey et al. 1994 , Nielsen & Ki~rboe 1994 , Perez et al. 1997 . Likewise, few studies have measured population growth rates of heterotrophic dinoflagellates under natural or semi-natural conditions (Bjornsen & Kuparinen 1991, Hansen et al. 1995 Hansen et al. , 1996 . The studies of Bjsrnsen & Kupannen (1991) and Hansen et al. (1996) are apparently the only reports of protozooplankton growth from cold-water ecosystems except for recent published growth rate estimates derived from population dynamics within sea ice from the Canadian High Arctic (Laurion et al. 1995 , Sime-Ngando et al. 1997 . Accordingly, more growth estimates from low temperatures are needed to support a concept of an actively growing protozooplankton community and important microbial food web in the Arctic.
The aim of this study was to evaluate the structure and trophic role of the nano-and micro-sized ciliates and heterotrophic dinoflagellates in an Arctic, pelagic ecosystem during the stratified ice-free period after the phytoplankton spring bloom. The data obtained are used in a comprehensive carbon flow model in the companion paper by Hansen et al. (1999, in this issue) .
MATERIALS AND METHODS
Locality and sampling. The present investigation was conducted from July 17 to September l ? , 1994, at a 250 m deep station located in Disko Bay on the west coast of Greenland, approximately 1 nautical mile off Qeqertarsuaq (Godhavn) (69" 15'N, 53'33'W) . The station was visited 18 times by RV 'Porsild' (Arctic Station, University of Copenhagen). On each occasion vertical profiles of chlorophyll a (chl a) fluorescence, temperature and salinity were recorded. From the vertical distribution of these parameters, 3 to 6 depths were sampled from the euphotic zone (0 to 30 m). Water was collected with a Niskin bottle and transferred to a dark plastic container. All subsamples were taken from this container after mixing. Discrete sampling dates and depths for the euphotic zone are shown in Fig. 3 . On a few occasions, samples were also collected below 30 m.
Protozooplankton biomass and taxonomic composition. For identification and enumeration of all ciliates and of dinoflagellates >20 pm, 250 m1 samples were fixed in 2 % v/v final concentration acid Lugol's solution. Samples were kept cold and dark until examination using an inverted microscope. Depending on the concentration of organisms, 50 or 100 m1 water, corresponding to at least 400 cells, was settled and counted using the Utermohl technique. Identification of ciliates to species, group or morphotype was based on Leegaard (1915) , Kahl (1932) , , Krainer & Foissner (1990) and Lynn et al. (1991) . Dinoflagellates were identified according to Drebes (1974) , Dodge (1985) and Thomsen (1992) . Unidentified spherical to subspherical gymnodinoid dinoflagellates were divided into size groups covering equivalent spherical diameter (ESD) size ranges of 10 pm starting with ESD 20 to 30 pm. ESD and cell volume are related by: 7t/6 X E S D~ = cell volume.
Enumeration of heterotrophic dinoflagellates <20 pm and assessment of the ratio between unidentified autoand heterotrophic dinoflagellates >20 pm were made by epifluorescence microscopy using the appropriate exciter/barrier filter sets for blue (435 to 490 nm) and UV (330 to 380 nm) excitation. Two different fluorochromes and procedures for cells smaller and larger than 20 pm were used as described below.
Heterotrophic dinoflagellates <20 pm were enumerated together with other nanoflagellates using a proflavine staining technique (Haas 1982) . Duplicate water samples of 20 m1 were fixed in a mixture of 25 % formaldehyde, 25% glutaraldehyde, demineralized water and a 15% solution of glucose (1:1:2:1 v/v) to yield a final concentration of 2% v/v. Before microscopical analysis, aliquots of 20 to 40 m1 were stained with 15 p1 0.2 pm pre-filtered proflavine ml-I, filtered onto 0.8 pm black Nucleopore polycarbonate filters with a GF/C backing filter (vacuum < 2 mm Hg) and mounted with paraffin oil onto slides. The preparations were excited with blue light to visualize the redorange chlorophyll autofluorescence. Dinoflagellates <20 pm were divided in the following size classes: ESD 6-10, 11-14 and 15-18 pm.
The ratio between >20 pm unidentified auto-and heterotrophic dinoflagellates in the 10 pm size classes was assessed by using the fluorochrome DAPI (Porter & Feig 1980) . Aliquots of 50 to 200 m1 from glutaraldehyde fixed samples (final concentration 1 % v/v) were stained and prepared as described above. The filter preparations of 25 randomly selected samples were excited with blue light or UV light to visualize the characteristic blue-white dinoflagellate nuclei and red-orange chlorophyll autofluorescence, respectively. At least 75 cells were counted, most of these in the 20-30 pm size class. The ratio between auto-and het-erotrophic forms in this size class was assumed to be representative of the 30-40 and 40-50 pm size classes also. Naked unidentified dinoflagellates >50 pm, presumably Gyrnnodinium/Gyrodininrn spp., were considered as heterotrophic. The heterotrophic ratios obtained from the glutaraldehyde samples were multiplied with the dinoflagellate biomasses estimated from the Lugol fixed samples to determine the heterotrophic dinoflagellate biomass.
Biovolumes of all protozoans were estimated from linear dimensions using appropriate geometric shapes, and converted to biomass using conversion factors of 0.1 1 pg C pm-3 for ciliates and athecate dinoflagellates and 0.13 pg C p n r 3 for thecate dinoflagellates (Edler 1979) . Length and width measurements of the ciliates were made in order to fit individuals into 1 of more than 100 morphotypes. Exceptions were Laboea strobila and some unidentified aloricate choreotrichs for whch fixed length-width relationships were used (based on measurements of at least 30 individuals from different samples). For these ciliates only the length was measured. Dinoflagellates were measured and grouped according to the same rules as ciliates. For Gyrodinium spirale a fixed length-width relationship was used and only the length measured. No corrections were made for cell shrinkage due to fixation. Since variations in size and shape of the ciliate and dinoflagellate species often are considerable, some species may have been divided into more than 1 morphotype or group. Therefore, the number of ciliate morphotypes possibly overestimates the number of species actually present.
Mixotrophic ciliates. Due to loss of autofluorescence from glutaraldehyde fixed samples (as a result of prolonged storage time), only the obligate mixotrophic species Laboea strobila (McManus & Fuhrman 1986) , the potential mixotrophic Tontonia appendiculariformis (Laval-Peuto & Febvre 1986) and Tontonia spp. were included in the estimation of mixotrophic contribution to the ciliate community. These species were all identified from Lugol samples.
Growth experiments. Protozooplankton maximum growth rates were calculated from changes in cell abundance in fractionated water samples mounted on a rotating plankton wheel (2 rpm). The plankton wheel was submerged in an opaque 1.5 m3 large PVC container covered with a lid and placed in a glacier stream (1.4 * 0.6"C). A continuous flow of stream water through the container ensured that temperature remained constant. Irradiance inside the polycarbonate bottles was 26 % of the incident light, corresponding to the light climate at -7.5 m depth at the sampling station.
Each experiment lasted 4 d and was as follows: duplicate 2.5 1 acid-washed polycarbonate bottles were filled with surface water or water collected from the subsurface chlorophyll maximum. The water was gently screened through a 160 pm mesh by reverse filtration to remove larger predators. On Days 0, l , 2 and 4 , 250 m1 aliquots were fixed with acid Lugol's solution for later quantification.
Protozooplankton population or species maximum growth rates (p) were calculated assuming exponential growth from: p = (1nN,2 -InN,,) t -l , where Nt2 and N t I are the number of protozooplankton at time t2 and t,, respectively, and t is the duration of incubation in days. Only species present with >200 ind. 1-' in the initial samples which increased were considered. Due to a decline in protozooplankton abundance between Day 0 and Day 1, we excluded the PO-, growth estimates. Incubations with a general decline of organisms were also not included in the estimation of growth. Accordingly, species growth rates approximating maximum rates were calculated as a mean of all measurements on and p2-4 These maximum growth rates were plotted against mean cell volumes of fixed specimens and a volume-growth rate relationship was established for both ciliates and heterotrophic dinoflagellates.
To examine whether or not chl a becomes depleted during incubations, triplicate 50 m1 water samples were filtered onto GF/C filters, extracted in 96% ethanol (Jespersen & Christoffersen 1987 ) and measured on a Turner Designs fluorometer calibrated against spectrophotometrically determined chl a measurements. Phytoplankton growth rates (p) were calculated as the mean of ,UO-~, p1-2 and according to the same equation as used for protozooplankton. Information on chlorophyll and temperature of the experimental water used for incubations is shown in Table 1 .
Statistical tests. To test if the obtained protozoan maximum growth rates were different from the 'potential' rates (calculated by the multiple regression provided by Miiller & Geller 1993) at T = 1.4"C, the slopes and intercepts of the 2 growth versus volume regression lines were compared. The regression line of the obtained relationship was estimated using a weighted least squares (WLS) regression with measurements of growth rates pooled into 1 weighted observation for each species. Using the inverse of the variance as weight for each species provides a best linear unbiased estimate (BLUE). The calculations were performed using SAS/PROC REG.
Production and grazing. Potential ciliate and heterotrophic dinoflagellate production were calculated as biomass times the volume-specific growth rates for each morphotype, using the volume-maximum growth rate relationships obtained in the growth experiments. Thus, potential community production of either the ciliates or the heterotrophic dinoflagellates was the sum of all the morphotype specific production estimates calculated in each sample (C biomass produced per morphotype). Potential ingestion was cal- Table 1 . Water for growth incubations conducted in a stream at 1.4 + 0.6'C. culated from growth rates assuming HNF: heterotrophic flagellates <20 pm. (-) NO chlorophyll fractionation plete heterotrophy and a carbon growth measurements yield of 33% (Hansen et al. 1997) . Both the production and the ingestion estimates therefore do not represent the actual rates at a given time but rather give information on the potential capacity of the ciliate and dinoflagellate community. Production and ingestion estimates were transformed from 1.4"C to in situ temperatures by using a Qlo of 2.8 (Hansen et al. 1997) . Biomass, production and ingestion per m2 were calculated by trapezoidal integration over the depth strata down to 30 m (Nielsen & Bresta 1984 
RESULTS

Hydrography and phytoplankton
Disko Bay is influenced by fresh water from melting icebergs and runoff from land, resulting in a stratified water column from the time of the ice break and throughout the summer (Andersen 1981a,b) . The main diatom bloom develops concurrently with the ice break and leaves the euphotic zone after the nutrients are depleted a few weeks later . Accordingly, nutrient depleted and low salinity 17 1 1 August 17 July September surface water was partly separated from high salinity water rich in inorganic nutrients during the study period. The phytoplankton was dominated by nanosized cells except for 3 pronounced subsurface blooms associated with the pycnocline (Fig. 1 ). The first bloom was dominated by haptophytes and the subsequent blooms were dominated by chain-forming diatoms. For more details on hydrography, nutrients and primary producers see Nielsen & Hansen (1999, in this issue) .
Protozooplankton composition and abundance
The protozooplankton community was dominated by aloricate choreotrich ciliates and gymnodinoid dinoflagellates. Tintinnids, 'other' ciliates (haptorids, holotrichs, prostomatids) and thecate dinophysoid and peridinoid dinoflagellates were less fre-8.0 quently observed. Table 2 sumrna-7.0 rizes the identified genera, species 6.0 and morphotypes.
5.0
The integrated average concen-4,0 trations of ciliates and heterotrophic
dinoflagellates >20 pm were of the same order of magnitude, ranging
from -2 to 8 and 2 to 10 cells 2.0 ml-', respectively. If dinoflagellates 29 with values between 7 and 12 cells ml-'. Maximum concentrations of heterotrophic dinoflagellates >20 p followed the diatom subsur- aging 486 and 286 mg C m-2, respectively (Fig. 2B,C) . In September, the ciliate biomass did not change significantly from summer values (Fig. 2B) . Conversely the biomass of heterotrophic dinoflagellates decreased gradually to 47 mg C m-2 at the last sampling (Fig. 2C) . Generally, few species contributed to the bulk of the biomass, even though the diversity of protozooplankton was large. This was particularly true for the heterotrophic dinoflagellates where Gyrodinium spirale and Gymnodinium spp. >50 pm roughly contributed half of the biomass in July-August and 25% of the biomass in September. Laboea strobila was the major biomass contributor among the ciliates (see below).
The vertical distributions of ciliate and heterotrophic dinoflagellate biomass followed the phytoplankton with maximum values in subsurface waters associated with the pycnocline (Figs. 1 & 3) . This general trend was also shown by the most significant ciliate and dinoflagellate species (Fig. 3B,D) though the distribution pattern was more heterogenous for L. strobila. An important exception to the face blooms around August 3 and 18, with values of > 8 close relationship between the phytoplankton and proand > l 5 cells ml-' (data not shown).
tozooplankton was the observation of a ciliate maximum in surface waters during late August and the beginning of September after the subsurface bloom Biomass period. This ciliate biomass maximum developed following the downward migration of the large copepod The integrated biomass of protozooplankton from species (Calanus spp.) to their deep-water hibernation the upper 30 m shows that heterotrophic dinoflagellate refuge. Overall, a definitive depth trend was found during the study period, with decreasing abundance and biomass of ciliates and dinoflagellates below the euphotic zone (Table 4) . The autotrophic ciliate Mesodinium rubrum comprised an average of only 3 and 5 % of the ciliate numbers and biomass, respectively. The integrated average abundance and biomass of this species peaked towards the autumn (Fig. 4A ).
Species succession
Individual ciliate and heterotrophic dinoflagellate species had different temporal distribution patterns (Fig. 4) . Some protozooplankton species had maximum occurrence in the first part of the study with a decline starting at the end of August and continuing during September. This pattern was shown by GymnodiniumlGyrodiniurn spp. >50 pm (Fig. 41) . Other species had a biomass peak in mid-August. This was clearly demonstrated by the potential mixotrophic ciliate Tontonia spp., but also by Protopendinium spp., Gymnodinium/Gyrodiniurn spp. 20-50 pm and Gyrodinium spirale (Fig. 4B,K,H,J) . A third group includes species which peaked in early autumn. These were Mesodinium rubrum, tintinnids and Balanion sp. (Fig. 4A,E,F) . Finally, some protozoopIankton species had no apparent temporal variation (Fig. 4C,D,G,L) .
Cell size distribution and relation to temperature
The numerically dominant size group of cdiates consisted of species with an equivalent spherical diameter (ESD) <20 pm. They contributed 40% of the ciliate abundance in the beginning of the study, increasing to 60 % along with a decrease of ciliates >30 pm. The relative contribution of ciliates between 20 and 30 pm was constant (Fig. 5A) . However, larger species (ESD >40 pm) contributed most to the biomass. They accounted for -70% during July-August and 50 to 60% in September (Fig. 5B) . All size groups were dominated by oligotrichs and choreotrichs, but 'other' ciliates occasionally contributed substantially to the biomass in the ESD >40 pm size group. Heterotrophic dinoflagellates, like ciliates, were numerically dominated by smaller cells (<30 pm). They also increased in number towards the end of the study, but in contrast to ciliates small heterotrophic dinoflagellate cells became significant in terms of biomass (Fig. 5C,D) . A major change in the relative size distribution was observed following the decline of the 2 subsurface diatom blooms in August. Thus, the relative importance of larger (>40 pm) heterotrophic dinoflagellates in terms of biomass decreased from -80 to <30%.
The smallest ciliates recorded during this study were Strornbidium-like cells with a n ESD of 8 pm (length X width = 12.5 X 10 pm). The largest ciliates were Strornbidinopsis sp. which had an ESD of 134 pm (length X width = 165 X 120 pm). Heterotrophic dinoflagellates also covered a wide cell size range, the smallest and largest species both belonging to the gymnodinoid type, with an ESD ranging from 8 to 110 pm. Thus, the interspecific variation in cell volume of protozooplankton species from Disko Bay covers at least 4 orders of magnitude.
Intraspecific variation in cell volume was correlated to temperature as illustrated by Laboea strobila and Gyrodinium spirale (Fig. 6) . Linear regression analysis revealed slopes significantly different from zero (p < 0.03 and p < 0.05 for L. strobila and G. spirale, respectively). An analysis of residuals did not reveal deviations from assumptions involved in regression analysis.
Mixotrophy
In the contribution of mixotrophic ciliates to the total ciliate community only Laboea strobila and the potential mixotrophic Tontonia spp. are included as such. Among the Tontonia spp., T appendiculariformis was recognized as a known potential mixotrophic species. The other Tontonia morphotypes were not identified to species level. However, in this study they are all regarded as rnixotrophic. L, strobila numerically accounted for < l 0 % of all ciliates. Due to its large cell size, the biomass contribution averaged 15 % with a peak value of 42 %. A maximum biomass (Figs. 1 & 3B) . Tontonia spp., although numerically abundant, was always of minor importance in terms of biomass. Average integrated biomass never exceeded 1.3 1-19 C 1-'. Biomass had a unimodal distribution with a build up throughout the summer. In September, biomass rapidly declined (Fig. 4B) . Together, L. strobila and Tontonia spp. contributed an estimated average of 20% (9 to 32%) of the total ciliate biomass in the euphotic zone. No significant linear correlations were found between mixotrophic cihate biomass and chl a or primary productivity (data not shown). dinjum rubrum, which is a funct~onal autotrophic ciliate, and an Euplotes-like ciliate, which was not considered a true pelagic species. During all but 2 growth incubations, the chlorophyll concentration increased with p h y t n~l a n k t o n growth rates between 0 and 0.29 d-' (mean = 0.13 d.'; data not shown).
Daily potential protozooplankton productlon, reflecting biomass and temperature, reached a peak of 360 mg C n1r2 ' Chates from the subclass Choreotnchla dommated by Strombidium spp. and Strobdld~um spp. Number ranges refer to cell length in pm d-' in mid-August (Fig. 2D) . Heterotrophic dinoflagellate potential production, on average, exceeded that of cili- ates by a factor of 5. The vertical distribution of the potential production followed the same pattern as the biomass, with elevated values in subsurface water, though the influence of temperature reduced the differences between production in surface and subsurface water (Fig. 8) .
DISCUSSION
Protozooplankton in an Arctic food web
This study documents that both ciliates and heterotrophic dinoflagellates are significant components of the Arctic pelagic food web during the stratified icefree period after the spring bloom. Ciliate biomass remained relatively high, but larger heterotrophic dinoflagellates declined from the beginning of September and occurred mainly in mid-August. (1993) Heterotrophic dinoflagellates dominated the protozooplankton and were primarily associated with summer subsurface blooms of diatoms, supporting the idea that heterotrophic dinoflagellate concentrations often are high when diatoms are abundant (Bursa 1961 , Hansen 1991 , Lessard 1991 , Verity et al. 1993 . The declining biomass in September reflects the decreasing diatom concentration. Heterotrophic dinoflagellate biomasses were comparable to those found during the spring diatom bloom in Disko Bay in 1992 and those associated with the spring and autumn phytoplankton blooms at lower latitudes (Smetacek 1981 , Hansen 1991 , Bralewska & Witek 1995 .
The abundance, Sicmass and species composition of the Disko Bay ciliate community were comparable to those reported from Arctic Canada (Paranjape 1987 (Paranjape , 1988 , the North BeringKhukchi seas (Andersen 1988), the Greenland Sea (Putt 1990 , Auf dem Venne 1994 and an earlier study from Disko Bay , and not different from lower latitudes (Taniguchl 1984 , Leakey et al. 1992 , Pierce & Turner 1992 , Nielsen & karboe 1994 , Edwards & Burkill 1995 .
Mixotrophic ciliates contributed on average 20% to the integrated ciliate biomass. This is comparable to other studies from different geographical areas 0 lowing the decline in total copepod biomass caused by the migration of the large Calanus spp. to thelr deep water hibernation refuge -1 0 (Stoecker et al. 1989 , Putt 1990 , Verity & Vernet 1992 at low temperatures. Such a n increase was evident Bernard & Rassoulzadegan 1994, Auf dem Venne also in Laboea strobila in the present study, when 1994), and suggests that mixotrophy among ciliates is comparing its mean cell volumes with the temperawidespread also in the Arctic.
tures observed in Disko Bay. Furthermore, a similar The relative cell size distribution of the ciliates and increase in cell volume was found for the dominant heterotrophic dinoflagellates revealed a similar seaheterotrophic dinoflagellate Gyrodinium spirale. Both sonal trend, with an increasing abundance of small relationships reflect large variation, but, to our cells towards autumn. Also smaller cells were always knowledge, represent the first attempt to establish most abundant in the 2 groups. However, in terms of and document such a relationship for in situ populabiomass the relative cell size distribution of the ciliates tions of protozooplankton. The different food regimes and heterotrophic dinoflagellates differed. Small ciliencountered under natural growth conditions compliates were always of minor importance compared to cate the cell size versus temperature relationship due large ciliates. By contrast smaller heterotrophic to the potential influence of food quantity and quality dinoflagellate cells became the major heterotrophic on predator cell size. This is particularly true for G. dinoflagellate biomass component after the diatom spirale, in which cell shape shifts when it is offered subsurface blooms sedimented. Size selective predalarge prey items (Hansen 1992) . Recalling that cell tion of copepods preying on ciliates has been found to volume estimates of L. strobila and G. spirale are occur in laboratory experiments with suggested influbased on fixed length-width relationships, this ences on population dynamics in natural waters implies potentially large errors in the cell volume (Stoecker & Egloff 1987) . These authors found higher estimation. Even though the L. strobila length-width clearance rates for adult Acartia tonsa on large ciliates relationship seems rather constant con~pared to G. compared to small ones. It might be that the domispirale, both species were potentially affected by food nance of small cells in the size structure of the protosince regression analyses show significant relationzooplankton community in Disko Bay was due to such ships between temperature and chl a (Table 7) . In size selective feeding behavior by the copopods. If this order to evaluate the effect of food on cell size, a mechanism was the main factor regulating ciliate (and regression analysis on chl a and mean cell volumes heterotrophic dinoflagellate) dynamics, however, one was conducted. In fact, cell volume of G. spirale was would have expected a cell size succession somewhat significantly correlated with chl a (Table 7) , indicatopposed to the one we observed. Large cells should ing covariation of cell volume with both temperature have become more abundant in a relative sense foland potential food. Table 7 . Regression data for chl a versus temperature and the 2 dominant protozooplankton species versus potent~al food availability [chl a). ns non s~g n~f~c a n t Temp Laboea stroblla Gyrodiniurn splrale ("C)
Chl a r2= 0.22 r2= 0 04 r2= 0 22 (pg l-') p < 0 001 p > 0 5"' p < 0 001 n = 72 n = 61 n = 72
Growth in cold-water ecosystems
If the concentration of < 11 pm chl a is used as a n estimate of ciliate food availability and the C:chl a conversion factor of 43 ) is applied, then the initial food concentration in the growth experiments was 28 rt 9 pg C 1-' (mean + SD). Heterotrophic nanoflagellates which also potentially contributed to the total ciliate food availability further add a biomass of 0.54 + 0.3 p g C l-'to this value. Threshold concentrations for growth from 7.5 to 325 pg C 1-' have been measured for StrobiLidium and Strombidium species (see Table 4 in Montagnes 1996) . This implies that some species were possibly food limited. In fact, we did not succeed in measuring growth of large ciliates. They might have been starving due to higher threshold concentrations. It should be mentioned that alternative food sources (e.g. bacteria) which potentially contributed to the total ciliate food availability were not included in the above considerations. Mesodinium rubrum was the fastest growing ciliate. Apparently this autotrophic ciliate was superior to the heterotrophic and mixotrophic ciliates during the incubations. Montagnes (1996) analyzed the predictability of multiple regressions provided by Montagnes et al. (1988 ), Miiller & Geller (1993 ) and Nielsen & Kirarboe (1994 , who all used temperature and cell volume to predict maximum ciliate growth. By comparing with laboratory-derived maximum growth estimates, he concluded that the equation provided by Muller & Geller (1993) was the best predictor of growth in Strobilidiurn and Stl-ornbldium species. Accordingly, we have chosen this equation to represent the maximum cellvolume based growth-rate relationship. As observed from Fig. ? A this implies that we may have overestimated ciliate growth as our growth rates were significantly larger than the potential rates (p < 0.0001; see Fig. 7 ) The discrepancy may also reflect that the equation of Muller & Geller (1993) inadequately pred~cts growth rates at low temperatures. Furthermore, the conclusion drawn by Montagnes (1996) regarding the superionty of the Muller & Geller equation IS largely based on comparisons with growth rates obtained at the high temperature end ( l ? + 6 "C). When using the Miiller & Geller equation to predict growth rates at 5"C, it gave values almost s~milar to our maximum growth rates transformed from 1.4 to 5°C applying a Qla of 2.8 (Table 5 ; the calculated mean community growth rates were similar). Also, the community growth rate of 0.201 d-' (at 1.4"C) was not very different from 0.135 d-' estimated for phagotrophic ciliates within the sea ice in Resolute Passage, Canadian High Arctic (presumably at about -1.8"C; Sime-Ngando et al. 1997) . Arctic protozoans may consist of subspecies or clones which have adapted to a n extreme environment. This makes it difficult to predict their growth rates from data obtained at higher temperatures. On this basis there is clearly a need for conducting more ciliate growth experiments in cold waters (where max. temperatures < -5°C) to improve the very convenient predictive tool provided by multiple regressions as those noted above in for example the construction of food-web models.
In evaluating our maximum heterotrophic dinoflagellate growth rates we have made a comparison with the only other low-temperature growth estimate for heterotrophic dinoflagellates available. Applying the cold-water growth data of Bjgrnsen & Kupannen (1991) for a small gymnodinoid dinoflagellate from the Southern Ocean and the volume-based growth rate equation from the present study revealed that the obtained growth rates in this study are not severely overestimated (Table 8) . Overall the growth experiments showed that the ciliate and heterotrophic dinoflagellate growth rates observed in Disko Bay at times were close to maximum rates, stressing these organisms' potential significance as grazers and trophic intermediates in the food web.
Ecological impact and role in the food web
Ciliates have often been thought of as the 'typical' microheterotrophic protist grazers on phytoplankton even though heterotrophlc dinoflagellate biomass often equals that of ciliates in the plankton (Sherr & Sherr 1994) . Based on the biomass and the cell volumemaximum growth rate relationship obtained in this study, heterotrophic dinoflagellates seem to be even Kupannen (1991) 0.31 Thls study 0.49 more significant herbivorous consumers than do ciliates. Thus, the main part of the protozooplankton production (and ingestion) was due to heterotrophic dinoflagellates. Their production on average exceeded ciliates by a factor of 5. Apart from the general higher biomass of heterotrophic dinoflagellates, this could be due to higher specific community production, at least during the second half of the study period, where the heterotrophic dinoflagellate biomass was composed of smaller cells (Fig. 5B,D) . Also, the heterotrophic dinoflagellate scaling exponent of -0.16 compared to that of the ciliates of -0.33 caused a relatively fast decrease in growth rates of ciliates with size, thereby amplifying the difference in production between the 2 groups, particularly at large cell sizes. Finally, we simply obtained higher growth rates for heterotrophic dinoflagellates compared to ciliates (Tables 5 & 6) . This is in contrast to other studies mainly from the laboratory which report heterotrophic dinoflagellate maximum growth rates lower than planktonic ciliates of similar size (Hansen 1992 , Sherr & Sherr 1994 . Even though there might be a discrepancy between maximum growth rates obtained in the laboratory and under field conditions (e.g. because of suboptimal diet in the laboratory studies compared with the field), it is not possible to evaluate such potential discrepancy based on this study alone due to the large variation in the growth estimates. More growth studies particularly at low temperatures are certainly needed. Recently, attention has been given to the heterotrophic dinoflagellates as studies suggest that they occupy a different niche with regard to prey than predicted by the concept of the microbial loop. A linear size ratio between dinoflagellate predators and their optimal prey size of 1:l has been proposed (Hansen et al. 1994) , far from the general assumption of 10:l (Azam et al. 1983 ). An implication of this predator:prey relationship is that small (<20 pm) heterotrophic dinoflagellates will compete with ciliates for nanoplankton prey, while heterotrophic dinoflagellates >20 pm ingest prey which in general are too large for ciliates (Hansen 1992) . Dinoflagellates >20 pm therefore are likely to compete primarily with copepods for food, and not with ciliates and other heterotrophic protists in the pelagic food web. In the present study the majority of the heterotrophic dinoflagellate biomass consisted of Gymnnodinium and Gyrodinium spp. > 20 pm, indicating a significant grazing impact on relatively large prey items such as the diatoms in the subsurface water and ciliates; indeed when comparing estimates of potential heterotrophic dinoflagellate and copepod grazing, it shows that heterotrophic dinoflagellates exert a major impact .
The calculated potential protozooplankton production from July to September 1994 was 200 i 80 mg C m-' d-' (mean * SD). As the biomass was 692 295 mg C m-2, an average turnover rate for the protozooplankton community of 0.29 d-l could be calculated during late summer in Disko Bay. This P/B ratio corresponds to a generation time of -3.5 d for an 'average protozooplankton organism'. In the second part of the study in which data on primary production are available ) the estimated protozooplankton production was 152 + 71 mg C n1r2 d-' compared to a primary production of 154 * 66 mg C m-2 d-'. By assuming a carbon growth yield of 33% and a pure autotrophic diet of ciliates and heterotrophic dinoflagellates, protozooplankton on average could remove 44 % of the phytoplankton standing stock and 362 % of primary production daily. By including the heterotrophic nanoflagellates (ignoring bacteria), protozooplankton would still potentially be able to remove >40% of their food d-'. Thus, even though the protozooplankton potentially were able to grow at their maximum rates, probably not all of them did so in situ, as they would otherwise graze down their prey in a few days, which they did not. Rather, as protozooplankton are able to ingest each other, cannibalism reduced grazing pressure, allowing prey organisms to increase their concentration slightly, and thus serve again as food (Paffenhofer 1998). In Disko Bay therefore it could be assumed that the protozooplankton experienced an ever shifting variation in growth rate between low or even negative and maximum.
Dynamics and regulation
High phytoplankton concentrations were associated with the pycnocline throughout the study. A pronounced response in protozooplankton biomass was observed following this phytoplankton distribution. The presence of a large protozooplankton biomass in subsurface water probably reflects the higher food concentrations encountered in these layers, but food may not have been the sole factor influencing the ciliates' and heterotrophic dinoflagellates' vertical structure. The vertical distribution pattern of the protozooplankton was probably influenced by the copepods also. In general the clearance of calanoid copepods increases with decreasing food concentration (Frost 1972) . Moreover. food retention efficiency increases with increasing food size (Frost 1977) . In our case, with small phytoplankton being dominant and in low concentration in the surface water and large phytoplankton being dominant and in high concentration in the subsurface water, one could assume that the copepods influenced these environments very differently. This would imply that the copepod clearance on protozooplankton was relatively low in subsurface water and hence predation on ciliates and heterotrophic dinoflagellates probably was less significant in these layers (Fessenden & Cowles 1994) .
During the summer the diatom subsurface blooms declined and phytoplankton changed towards a nanoplankton dominated community with pronounced implications for the ciliates and heterotrophic dinoflagellates. While the large heterotrophic dinoflagellates declined after the diatom subsurface blooms disappeared, the ciliates obtained a high biomass. The heterotrophic dinoflagellates declined after the chl a concentrations decreased to < l pg I-', corresponding to 43 pg C 1-' (Figs. 1 & 3C,D) , supporting the suggested higher food threshold concentrations for growth of these organisms compared to ciliates (Hansen 1992) .
The change in the composition of the protozooplankton community coincided with the migration to the deep water of the large Calanus spp. Since Calanus spp. formed most of the copepod biomass, the grazing pressure was greatly reduced after they left the euphotic zone. Until mid-August the copepod community had an estimated grazing potential of -20% of the water column d-', which decreased to -3 % d-' in September . Accordingly, the increasing ciliate population in late August could be attributed to a reduced predation pressure. At this time most heterotrophic dinoflagellates were probably food limited and not affected by the released top-down regulation.
There were still some heterotrophic dinoflagellates growing in September, however, as evident from the growth experiments. Apparently, the low phytoplankton concentrations were able to sustain a small population of heterotrophic dinoflagellates relying on smallscale patches of phytoplankton and ciliates as food.
Conclusion
The prominent late summer feature of enhanced phytoplankton concentrations in subsurface water associated with the pycnocline was reflected in the succeeding heterotrophic links in the food chain. Particularly, heterotrophic dinoflagellates, which were the most significant heterotrophic protist in terms of biomass, showed vertical profiles with pronounced subsurface maxima concurrently with the phytoplankton. Apart from elevated biomasses of heterotrophic dinoflagellates and ciliates, bacteria and nanoflagellate patches of high biomass were also observed here . Since these patches of high phytoplankton concentration provided a potential shelter from e.g. copepod and fish larvae predation compared with the nutrient depleted surface water, it is important that the subsurface protist communities are included in future studies of Arctic carbon cycling.
